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Lei Pan , Praneeth Kandlakunta , Member, IEEE, Matthew Van Zile, Xuezeng Dai, Jinsong Huang ,
John W. McClory, and Lei R. Cao , Senior Member, IEEE

Abstract— We report on the acquisition and modeling of the
transient response of a commercial silicon (Si) solar cell using a
benchtop pulsed X-ray source. The solar-cell transient output to
the X-ray pulses was acquired under the dark and steady-state
light illumination to mimic the practical operation of a solar
cell under different light illumination levels. A solar-cell circuit
model was created to develop a fundamental understanding of
the transient current/voltage response of solar cell at read-out
circuit level. The model was validated by a good agreement
between the simulation and experimental results. It was found
that the solar-cell resistance (R) and capacitance (C) depend on
the light illumination, and the resulting variation in RC time
constant significantly affects the solar-cell transient response.
Thus, the solar cell produced different transient signals under
different illumination intensities in response to the same X-ray
pulse. The experimental data acquired in this work proves the
feasibility of using solar panels for prompt detection of nuclear
detonations, which also builds a practical mode of X-ray detection
using a low-cost self-powered detector.
Index Terms— Nuclear detonation detection, pulsed X-ray,
solar cell, transient response.

I. I NTRODUCTION
HE prompt detection and identification of a nuclear
detonation against a chemical denotation is critical for
a fast response during the postdetonation nuclear forensics.
Signatures of a nuclear detonation include shock waves, seismic waves, infrasound, thermal and ionizing radiation, electromagnetic pulse, and radioactive fallout [1], [2]. Networks
of seismic, hydro-acoustic, and infrasound sensors may be
serviceable for a fast off-site detection of nuclear detonation, but their effectiveness remains questionable, particularly
in the case of surface and atmospheric detonations, where
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the sensor signal encounters a potentially high interference
from that induced by an earthquake [3], [4]. Detection of
radioactive particles and subsequent analysis using either air
or ground sampling systems through on-site inspection is a
relatively slow process. Existing urban infrastructure, such as
the widely distributed and ubiquitous solar photovoltaic (PV)
panels, may serve as potential sensors to detect a nuclear
detonation, providing data that could be complementary or
supplementary to that from any other sensor systems. The solar
PV panels and solar array networks could provide valuable
postdetonation forensics data at no additional capital, when
compared to sensor systems built specifically for monitoring
nuclear detonation. The feasibility of prompt detection of
thermal radiation from a nuclear detonation using solar panels
power distribution grid was studied recently [5]. While thermal
radiation could also be released from chemical detonations,
ionizing radiation is a unique signature of nuclear detonation, the detection of which provides a means for prompt
identification. The large solar farms or even roof-top solar
panels may potentially respond to the enormous amount of
energy carried by ionizing radiations from a nuclear detonation, either by prompt interactions with X-rays, gamma-rays,
neutrons, or by delayed effects such as neutron activation and
radiation-induced damage.
It is known that a solar panel is built specifically to absorb
solar radiation in the UV–visible–IR region of the electromagnetic spectrum. Unlike a semiconductor gamma-ray or
neutron detector, a solar cell is not operated in reverse bias and
therefore, has a very thin depletion region where electron–hole
pairs generated by incident photons drift to the respective
electrodes inducing current in an external circuit. While a thin
depletion region is suitable to absorb visible photons that have
short absorption lengths, photons of much shorter wavelength,
that is, X-rays and gamma-rays have much deeper penetration
lengths, thus generating e–h pairs across the entire solar-cell
volume. To investigate the feasibility of a solar PV panel as
a potential sensor of nuclear detonation, the response of a
single PV element, that is, a solar cell to ionizing radiation
such as X- and gamma-rays, and neutrons must be evaluated
and understood first. For this purpose, a benchtop X-ray
source may provide an ideal testbed to produce valuable data
that facilitate the understanding of a solar-cell response at a
read-out circuit level. Results from such analyses may provide
a strong foundation to studies on a larger scale using larger
experimental facilities and large-area PV panels. In the current
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study, we focus on the silicon (Si) solar-cell steady-state
and transient response to X-rays using a commercial
off-the-shelf (COTS) laboratory-scale compact X-ray tube.
Although originally motivated by the purpose of nuclear detonation detection, the work reported here could be supporting
solar cells as potential X-ray sensors, complementary to the
broad topic of semiconductor devices for X-ray detection. It
must be noted, however, that the fundamental differences in
design, fabrication, and operation between a solar cell and a
typical semiconductor X-ray detector would lead to inherent
variation in their response.
Semiconductor detectors (e.g., Si-, GaAs-, CdTe-, or
CdZnTe-based) specifically designed for X-ray detection
would have a higher sensitivity and a faster response
(e.g., subnanosecond level) [6]–[9], because of the
well-controlled fabrication process and operating environment
(e.g., stable operating temperature and dark condition).
Contrarily, the Si solar cells are most commonly made of
polycrystalline Si and work under varying sunlight intensity.
The light illumination level will have a significant impact
on their response to X-rays. Experimental results of Si
solar-cell response to pulsed laser illumination have been
reported in [10]–[13]. However, the Si solar-cell response
to pulsed X-rays has been rarely studied, with a lack of
experimental data on its transient response, except for a few
studies that only report Si solar-cell damage under pulsed
X-ray irradiation [14]. In addition, a comprehensive study
of the transient response of a Si solar cell to pulsed X-rays
based on experimental analyses and circuit-level modeling
and simulations has not yet been performed.
In this work, we experimentally evaluated the Si
solar-cell response to pulsed X-rays both with and without
light illumination, which demonstrated the capability and
potential application of Si solar cells for the detection of transient X-ray radiation. A solar-cell equivalent-circuit simulation
model was developed to analyze the experimental results and
gain a fundamental understanding of the Si solar-cell transient
current and voltage response at circuit level. The circuit model
was validated by a good agreement between the simulation and
measured transient response. Factors and conditions affecting
Si solar-cell response to the same X-ray source input were
analyzed. It is found that light illumination level and the associated RC effect significantly affect the output signal. Thus,
the Si solar cell produced different responses to the pulsed
X-ray source of same intensity at different light illumination
levels.
II. E XPERIMENTAL S ETUP AND R ESULTS
A. Experimental Setup
Our experimental setup consisted of an X-ray source
(Amptek Mini-X transmission type X-ray tube with a silver
target, tube voltage from 10 to 50 kV, tube current from 5 to
200 μA, and maximum power of 4 W), an X-ray chopper
(Optical chopper system–Thorlabs MC2000, with chopper
wheel replaced by a customized stainless-steel (304 SS)
chopper wheel, chopping frequency 20–1000 Hz), a sunlight
simulator (Ocean Optics HL-2000-HP, output power 8.8 mW),
a light-tight metal box enclosure, an oscilloscope, and a
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Fig. 1. Experimental setup for Si solar-cell transient response to pulsed
X-ray testing. (a) Setup. (b) Parameters of chopper, X-ray beam, and pulsed
X-ray signal. (c) X-ray tube energy spectrum at 50 kV, 50 μA.

commercial Si solar cell (Kitronik 3604) [Fig. 1(a)]. The X-ray
tube, X-ray chopper, and the solar cell were all housed in
the metal box to shield from ambient light and electromagnetic interference. An optical fiber was used to transmit the
light from the sunlight simulator onto the solar cell in the
light-tight box. The SS X-ray chopper wheel has a thickness
of 0.762 mm, which attenuates ∼99% of 30-keV and ∼70%
of 50-keV X-ray photons. The X-ray beam diameter is ∼5 mm
and the slot width between successive chopper blades at X-ray
beam projection is ∼15 mm, which gives rise to a trapezoidlike X-ray pulse [Fig. 1(b)]. Due to the nonuniformity of
the beam profile, for example, beam shape, size, and beam
intensity radial and angular distribution, the X-ray pulse shape
deviates from that of an ideal trapezoid. However, for the
purpose of this study, a trapezoid was considered to be a
reasonable approximation to the true pulse shape to reduce
the complexity of the simulation model. The duration of the
trapezoidal flat top and bottom is each one-third of the pulse
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period, and the time for pulse rise to the flat top and fall
to the flat bottom, each is one-sixth of the period. The solar
cell used in this study contains six subcells connected in
series and is made of polycrystalline Si with dimensions of
∼60 mm × 46 mm × 3 mm and an aperture area of
52 mm × 38 mm.
Although the direct response of a solar cell to the incident
X-rays is photocurrent, in principle, either the current or
voltage output can be used to study the transient response
characteristics of the solar cell. Due to the fast transient nature
of the incident X-rays and the resulting low photocurrent,
an oscilloscope (Tektronix, MSO54, 2 GHz, 6.25 GS/s) with
high sampling speed was used to capture the solar-cell transient response in the form of a measurable voltage signal,
enabled by the 1 M impedance channel of the oscilloscope.
The energy spectrum of the X-ray source at a tube voltage
of 50 kV and a tube current of 50 μA was calibrated with a
Si p-i-n X-ray detector [Fig. 1(c)].
B. Experimental Results
To reproduce the operation of a solar PV panel under
different sunlight conditions, such as a sunny/cloudy daytime,
dark nighttime, and so on, the solar-cell transient response was
studied under different light illumination intensities.
We first measured the output voltage response of a solar
cell to pulsed X-rays under dark on 1-M load resistance.
In these measurements, the sunlight simulator was turned
off and the metal enclosure was kept light-tight. Fig. 2(a)
shows the measurement results obtained at different X-ray
tube voltages from 20 to 50 kV (corresponding to different X-ray energies) for a constant tube current of 50 μA
and a X-ray pulse frequency of 20 Hz. Results indicate a
clear response of the solar cell to X-rays with the output
voltage signal accurately reproducing the input X-ray pulse
frequency of 20 Hz. The output voltage increases as the X-ray
energy increases. However, the increment in output voltage
relative to the increase in X-ray energy becomes smaller at
higher X-ray energies, which is due to the lower sensitivity of Si to higher-energy X-ray photons and the relatively
small spectral contribution of these high-energy X-ray photons
(e.g., 40–50 keV) in the X-ray source energy spectrum
[Fig. 1(c)].
Fig. 2(b) shows the measurement results obtained at different X-ray pulse frequencies for a fixed X-ray energy spectrum
and intensity (40 kV, 50 μA). The X-ray beam irradiated the
solar cell at an arbitrarily selected area. The solar cell produced
an output voltage with the same frequency as the input
X-ray pulse and the peak-to-peak value of the output voltage
decreased with increasing frequency, whereas the centerline
of the waveform remained unchanged. The minimum and
maximum solar-cell output voltages in response to steadystate X-ray flux (40 kV, 50 μA) were also measured. In
these measurements, the X-ray beam was turned on, and
the chopper wheel was not rotated, so that the minimum
and maximum steady-state responses of the solar cell was
measured when the X-ray beam was completely covered and
uncovered by a chopper blade, respectively, by adjusting the
chopper blade position. It is noticed that the steady-state

Fig. 2. Experimental results of Si solar-cell transient response to pulsed
X-ray with sunlight simulator off. (a) Si solar-cell output voltage on 1-M
load resistance at different X-ray tube voltage with fixed X-ray tube current
of 50 μA and fixed pulsed X-ray frequency of 20 Hz. (b) Si solar-cell output
voltage on 1-M load resistance at different pulsed X-ray frequencies with
fixed X-ray tube voltage, current of 40 kV, 50 μA. “No X-ray” stands for
measurement taken with X-ray tube off. “X-ray covered/uncovered” stands for
measurement taken with X-ray tube on and the X-ray beam covered/uncovered
by a chopper blade. The lines of “no X-ray” and “X-ray covered” are almost
identical.

maximum or minimum output voltage is larger or smaller than
the peak values of the output voltage for X-ray pulse frequency
from 20 to 200 Hz. This is a consequence of the relatively
large RC constants under dark conditions, which is discussed
in Section III-C. Interesting to note is the solar-cell minimum
output voltage obtained with X-rays blocked by the chopper
blade, which is almost identical to the voltage measured with
X-ray beam turned off. This indicates that the SS chopper
blade fully blocked the X-rays and X-ray scattering has a
negligible effect on the solar-cell output. This is to be expected
because the X-ray energy is too low to favor Compton scattering events. To reproduce the above results, measurements
were performed for 40-kV, 50-μA X-rays, changing the X-ray
beam irradiation location by adjusting the solar-cell position
relative to the X-ray beam exit. The measurement yielded
essentially the same response as shown in Fig. 2(b), however,
with a different signal amplitude (i.e., a steady-state maximum
voltage of 35 mV). This is attributed to the solar-cell geometric
variation, for example, caused by the presence of electrode
fingers on the top surface.
The solar-cell output voltage response to pulsed X-rays was
also measured under light illumination using the same setup
as under the dark, with the only difference of powering on
the sunlight simulator. Fig. 3 shows the results obtained for
40-kV, 50-μA pulsed X-rays at different frequencies from
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Fig. 3. Experimental results of Si solar-cell output voltage to pulsed X-ray with sunlight simulator on and at different pulsed X-ray frequency of (a) 20 Hz,
(b) 50 Hz, (c) 80 Hz, and (d) 100 Hz. The load resistance is 1 M. X-ray tube voltage and current are fixed at 40 kV and 50 μA, respectively.

20 to 100 Hz. The centerline of the output voltage shifts
to a higher value than that under dark, which is due to the
steady-state light illumination. It is noticed that the shape of
the output voltage under light illumination is closer to trapezoidal than that under dark. Furthermore, the peak-to-peak
value of the output voltage under light illumination does not
decrease with increasing frequency. The peak values are equal
to the steady-state maximum/minimum output voltage, which
is attributed to the relatively small RC constant under light
illumination as discussed in Section III-C.
III. S OLAR -C ELL M ODELING
A. Solar-Cell Model for Transient Signal Simulation
To gain a fundamental understanding of solar-cell transient
response, we developed a solar-cell equivalent-circuit model
and simulated its dynamic behavior. While the model was used
to evaluate the solar-cell current/voltage response to pulsed
X-rays and better understand the experimental results, it could
also provide insights into solar-cell response to transient inputs
of different temporal characteristics, such as a triangular,
square, or a pulsewidth-modulated waveform.
Different models have been reported for calculation or
simulation of solar-cell parameters, for example, single-diode
model, double-diode model, and so on [15]–[18]. However,
none of these models focus on the solar-cell transient behavior
and therefore, do not take the solar-cell capacitance into
account. In this study, a typical single-diode solar-cell model
was adopted that included cell capacitance C along with a
photocurrent source Iph , a diode shunt resistance Rsh , and
series resistance Rs [Fig. 4(a)]. Our model considered the
physical process starting right from the moment the X-ray photons impinge on the solar cell. The time for charge-generation
process due to energy deposition of X-ray photons can be
neglected as the time for X-ray photon interaction (predominantly photoelectric absorption) causing the release of a
fast electron, and subsequent electron–hole pair generation,
is extremely short. As a consequence, the rate of X-ray
illumination and the rate of charge generation can be modeled

as two processes with no time lag. In other words, the rate
of charge generation would have the exact same temporal
characteristics as that of the incident X-rays. The steady-state
photogenerated current in a p-n diode can be expressed as
JL = eG L W + eG L L n + eG L L p , where JL is the photocurrent
per unit area, e is the elementary charge, G L is the rate
of charge generation per unit volume, W is the depletion
region width, and L n and L p are the diffusion lengths of
minority electrons in the p region and minority holes in
the n region, respectively [19]. From the above equation,
since W , L n , and L p are time-independent, the temporal
characteristics of JL are the same as that of G L , and therefore,
also identical to that of the incident X-rays without any time
lag. Therefore, the photocurrent source Iph (Iph = JL ∗ A, A
is the diode area) in the model has the same magnitude as
the steady-state photocurrent and the same temporal behavior
as that of the incident X-rays. On the contrary, the output
current/voltage has a different temporal behavior from that of
the input photocurrent source. From a circuitry point of view,
the solar-cell output current/voltage has a slower response to
the photocurrent source as a consequence of the RC effect
resulting from the solar-cell capacitance and resistance. From a
fundamental physics perspective, the photocurrent JL induced
in a solar cell is dominated by the diffusion current component
eG L L n + eG L L p against drift current component eG L W ,
owing to the extremely thin depletion region in a solar cell
(≤1 μm). The diffusion current is determined by the minority
charge carrier concentration in the quasi-neutral regions within
a “diffusion length” distance from the depletion region. It takes
time for the minority carrier concentration to change as a result
of charge generation by X-ray photon illumination. In other
words, the solar-cell diffusion capacitance, which is the rate of
change of excess minority carrier concentration with respect
to the cell forward-bias voltage, has a significant effect on its
response time. For an ideal p-n junction solar cell, the rise
time of solar-cell short-circuit current in response to a step
input X-ray illumination is at the same level of the minority
charge carrier lifetime. The relation between the photocurrent
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curve using the method proposed by Phang et al. [18], while
other methods may also be applicable [17]. Since the cell
capacitance depends on the applied bias voltage [20], [21],
it was modeled as a function of bias voltage using a
polynomial fit to the experimental C–V curve [Fig. 4(b)].
It has been reported that the Si solar-cell parameters (i.e., I0 ,
n, Rs , Rsh ) depend on the illumination intensity [22], [23].
Therefore, the shunt/series resistance and capacitance of the
solar cell were determined at different light illuminations
represented by different short-circuit currents in Fig. 4(c)
and (d). As the light intensity decreases, both the shunt and
series resistances increase, whereas the capacitance decreases.
The cell parameters in the model may be approximated as
constants under small changes in the illumination. However,
for a significant variation in the illumination level, the cell
parameters must be represented as illumination-dependent to
ensure model accuracy. In this study, the solar-cell equivalent
circuit was modeled using Simulink (The MathWorks, Inc.)
(Fig. 5) to calculate both voltage and current outputs under
variable load resistance.
B. Model Validation

Fig. 4.
Solar-cell circuit model for transient signal simulation.
(a) Single-diode solar-cell circuit model. (b) Measured and fitted
capacitance–voltage (C–V ) curve of the solar cell. (c) Shunt and
series resistance extracted using the method of Phang et al. [18].
(d) Capacitance–voltage curves measured at different light illumination
intensities represented by different short-circuit currents.

Iph and the output current I that was also the current measured
experimentally can be expressed as the following equation:
 


eI (Rs + RL )
Iph − I0 exp
−1
nkT
I (Rs + RL )
dI
+ I (1)
= (Rs + RL )C
−
Rsh
dt
where I0 (exp (eI (Rs + RL )/nkT ) − 1) is the diode
forward-biased current Id , I0 is the reverse saturation
current, n is the diode ideality factor, k is Boltzmann’s
constant, T is the absolute temperature, and RL is the
solar-cell load resistance. The output voltage V can be
obtained as I × RL . To solve (1) for the output current I or
output voltage V as a function of time, the cell parameters
I0 , n, Rs , Rsh , and C, as well as Iph must be estimated
first under certain illumination condition and a given RL
value. These parameters could be estimated from an I –V

The solar-cell voltage response to pulsed X-rays under light
illumination confirmed the intuition that the contribution of
X-rays to the output voltage was much smaller compared
to that of the incident light. Fig. 3 shows the small increment in voltage (peak-to-peak ∼5 mV) induced by X-rays
relative to the much higher baseline (∼850 mV) due to
steady light illumination. It can, therefore, be assumed that
the cell parameters remained constant during pulsed X-ray
illumination. The I –V curves were also measured under
steady-state light illumination when the X-ray beam was both
completely uncovered and covered by a chopper blade at
a X-ray tube voltage of 40 kV and a current of 50 μA
(Fig. 6). The short-circuit current ISC and open-circuit voltage
VOC measured with X-ray illumination are slightly larger
than when the X-ray beam was covered, which indicates the
effect of X-ray illumination. However, there was no significant
difference between cell parameters extracted using the two
I –V curves (see Fig. 6 caption), which validated our assumption that the cell parameters were constant during pulsed X-ray
illumination. However, the estimated parameter values do not
fall into the typical range of the Si solar-cell parameters (e.g.,
an ideality factor of 1–2). A possible explanation is that the
light illumination in these measurements was much smaller
than one sun illumination and was localized to only a small
area on the solar cell due to the small area of the optical
fiber exit ∼π × 1.52 mm2 ). The simulated I –V curves using
the extracted parameters agree well with the experimentally
measured I –V curves with only a slight discrepancy. The
solar-cell parameters thus obtained using the I –V measurements, under light illumination with both X-rays uncovered
and covered, were fed into the Simulink model. Simulations
run with a load resistance RL = 1 M produced a steady-state
output voltage of 862 and 857 mV, which agreed well with
the experimentally measured values of 856 and 850 mV, under
light illumination with X-ray beam uncovered and covered,
respectively. For the simulations of solar-cell response to
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Simulink model for solar-cell transient signal simulation.

Fig. 6.
Measured and simulated Si solar-cell I –V curves under light
illumination. The X-ray tube voltage and current are 40 kV and 50 μA,
respectively. “Uncovered X-ray” and “covered X-ray” stand for X-ray beam
completely uncovered and covered by a chopper blade, respectively. The cell
parameters extracted from the I –V curve of “light and uncovered X-raymeasured” are n = 0.523, I0 = 3.24E-28 A, Rsh = 2.8E5 , Rs = 7.66E4 ,
and Iph = 9.84 μA. The cell parameters extracted from the I –V curve
of “light and covered X-ray-measured” are n = 0.714, I0 = 3.86E-28 A,
Rsh = 2.5E5 , Rs = 7.57E4 , and Iph = 9.67 μA.

pulsed X-rays at frequency from 20 to 200 Hz, the cell
parameters obtained from the I –V measurement under light
illumination with X-rays uncovered were used in the model.
The steady-state photocurrent input to the model for both Xray beam uncovered and covered conditions was calculated
in turn using the corresponding measured steady-state output
voltage shown in Fig. 3. The steady-state photocurrent values
thus calculated were used as the high and low values of
the trapezoidal photocurrent input in the model simulating
a pulsed X-ray source. Using the trapezoidal waveform to
model the input photocurrent, the solar-cell output voltage on
1-M load resistance was calculated for different X-ray pulse
frequencies. The simulation results indicated trapezoidal shape
of the output voltage pulses, which agreed very closely with
the measured output voltage [Fig. 7(a)–(d)]. Results indicate
the accuracy of the model in simulating a solar-cell transient
response to pulsed X-rays under a steady light illumination.
The results, further, validate the model for its applicability to
simulate other scenarios with good precision.
To confirm the validity of the model and extend its application to simulate other environments, simulations were performed to evaluate the solar-cell response to pulsed X-rays
under dark. However, in this case, the cell parameters estimated from the I –V curve under light illumination cannot
be used due to their dependence on illumination intensity.
Therefore, the I –V measurements were repeated with both

X-ray beam covered and uncovered under dark. The results
once again indicate the effect of X-ray illumination on solar
cell (X-ray tube voltage at 40 kV and current at 50 μA)
[Fig. 8(a)]. However, the cell parameters obtained from I –V
measurements using Phang et al.’s [18] method were unrealistic, for example, a negative Rs value, which was found to
be due to the extremely low illumination intensity of X-rays
alone compared to that of light, falling outside the range of
applicability of the method. Given the difficulty in finding
a suitable set of cell parameters at such low illumination
level, we gradually increased the illumination level from
dark until a level at which the corresponding I –V curve
produced acceptable cell parameters. Using the cell parameters
obtained at such relatively higher illumination level, the model
was expected to produce simulation results in a reasonable
agreement with the measured results under dark.
Following this method, a set of cell parameters were
extracted from the I –V curve measured at a relatively higher
light illumination level [Fig. 8(b)]. The I –V curve fitted using
these parameters agreed well with the experimental I –V curve.
The cell parameters were then fed to the Simulink model for
the simulation of solar-cell response to pulsed X-rays under
dark. As earlier, the high and low values of the trapezoidal
photocurrent source in the model were derived from the model
using the experimentally measured steady-state output voltage
under dark with the X-ray uncovered and covered, respectively,
as shown in Fig. 2(b). Using the trapezoidal photocurrent input
in the model, simulations were performed to evaluate the solarcell output voltage at different X-ray pulse frequencies. The
simulation results show a decreasing peak-to-peak value of
the output voltage as frequency increases, which agrees with
the experimental results [Fig. 8(c)–(f)]. There is, however,
a notable difference between the simulated and measured peakto-peak values. This is expected because the cell parameters
were derived at a relatively higher illumination level caused
by light rather than at the actual X-ray illumination alone.
Despite the difficulty in determining cell parameters from
the I –V measurement at such a low X-ray illumination level,
a set of cell parameters could still be found, in principle
that could produce simulation results with lesser quantitative
difference from measured results, and further support the
model validity for pulsed X-ray simulations under dark. Comparison of the pulsed X-ray measurement results under dark
with those under light illumination reveals that the decreasing
peak-to-peak output voltage under dark [Fig. 2(b)] against
the constant peak-to-peak output voltage under light, with
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Fig. 7. Measured and simulated Si solar-cell output voltage on 1-M load resistance in response to pulsed X-rays under light illumination. Results are
shown at different pulsed X-ray frequencies of (a) 20 Hz, (b) 50 Hz, (c) 80 Hz, and (d) 100 Hz. X-ray tube voltage and current were kept constant at 40 kV
and 50 μA, respectively.

increasing frequency (Fig. 3), is a result of a larger solar-cell
RC constant under dark. The larger RC constant is manifested
in the slower output voltage response under dark, where the
output voltage has a settling time larger than the input pulse
durations. A larger RC constant at lower light illumination is
also demonstrated by the measured shunt/series resistance and
capacitance results shown in Fig. 4(c) and (d). Based on these
observations, we manually adjusted the cell parameter values
originally extracted at a relatively high illumination level to
account for larger RC while achieving a better approximation
to the parameters at low X-ray illumination level under dark.
Accordingly, the Rsh in the model was increased to 350 k,
whereas all other cell parameters shown in Fig. 8(b) were
unchanged. To apply the model with increased Rsh , the high
and low values of the trapezoidal photocurrent source were
recalculated at this Rsh using the model following the same
procedure as before. The modified model resulted in a smaller
quantitative difference between the simulation and the experimental results (Fig. 9), which proves the validity of the model
for simulating solar cell response to pulsed X-rays under dark.
C. Discussion and Estimation of Solar Panel Output
Both the experimental and simulation results indicate that
the Si solar-cell response to the same pulsed X-ray input
varies with the light illumination level due to variation in the
corresponding RC constant. Such variation in the solar-cell
transient response is significant at higher pulse frequencies.
The output voltage under light illumination has nearly the
same trapezoidal shape as that of the input X-ray pulses.
Furthermore, the steady-state maximum and minimum output voltages corresponding to X-ray beam uncovered and

covered conditions, respectively, are equal to the peak values
of the output voltage at all frequencies (Fig. 3), which is
due to the relatively small RC constant under light illumination. In contrast, the output voltage under dark has a
shape that deviates from trapezoidal and a peak-to-peak value
that decreases with increasing frequency [Fig. 2(b)], which
is a consequence of relatively large RC constant without
light illumination. In addition, the output voltage increment
for the same steady-state X-ray input, under light illumination,
that is, ∼5 mV (Fig. 3), is smaller than under dark, that is,
∼25 mV [Fig. 2(b)]. This is explained by the relationship
between open-circuit voltage and input photocurrent Voc =
(nkT /e)Ln(1 + Iph /I0 ) [19]. The open-circuit voltage (Voc )
increases logarithmically with the photocurrent (Iph ), so the
same photocurrent increment (Iph ), corresponding to the
same X-ray input, would produce a smaller open-circuit voltage increment (Voc ) at higher illumination level (higher Iph ).
The output voltage on 1-M load resistance is essentially
close to the open-circuit voltage.
The model may be used to predict solar-cell response to
X-ray burst from a nuclear denotation, given that the duration
and intensity of the X-ray pulse is known, which can be
derived from a suitable analysis and/or simulation of the burst.
In this work, we studied the X-ray detection capability of a
single Si solar-cell device using a simple laboratory setup of
a compact X-ray source. However, since a solar-cell device is
the fundamental constituent of large-area solar panels or solar
arrays, the experimental data obtained from this work may be
extended to evaluate their feasibility for the detection of X-rays
from a nuclear denotation. Such a scale-up results would only
be meaningful if an estimate of the air dose rate and energy
distribution of X-rays from nuclear denotation, as well as the
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Fig. 9. Modified parameters applied to compare the measured and simulated
Si solar-cell output voltage to pulsed X-ray with sunlight simulator off.
Measured and simulated Si solar-cell output voltage on 1-M load resistance
at fixed X-ray tube voltage and current of 40 kV and 50 μA, respectively, using
modified cell parameters, at different pulsed X-ray frequency of (a) 20 Hz,
(b) 50 Hz, (c) 100 Hz, and (d) 200 Hz.

Fig. 8. Comparison of measured and simulated Si solar-cell I –V curves and
output voltage to pulsed X-ray with sunlight simulator off. (a) I –V curves
measured with X-ray beam completely uncovered/covered by a chopper blade
(X-ray tube voltage 40 kV, current 50 μA). (b) Measured and simulated I –V
curves at an arbitrarily selected light illumination level. The cell parameters
extracted are n = 10.4, I0 = 7.66E-8 A, Rsh = 1.43E5 , Rs = 387 ,
and Iph = 64.9 μA. Measured and simulated Si solar-cell output voltage on
1-M load resistance at fixed X-ray tube voltage, current of 40 kV, 50 μA,
using the cell parameters extracted in (b), at different pulsed X-ray frequency
of (c) 20 Hz, (d) 50 Hz, (e) 100 Hz, and (f) 200 Hz.

scale and design factors used in practical commercial solar
arrays are available.
The air dose rate of X-rays (40 kV, 50 μA) used in
our study was measured by a Fluke Biomedical RaySafe
452 dosimeter to be ∼20 μGy/s at the location of the solar
cell. The corresponding X-ray photocurrent was measured
to be 160 nA for an effective solar-cell area (circular of
diameter ∼5 mm) irradiated by the X-rays, which results in
a photocurrent density of ∼815 nA/cm2 . According to [1],
a typical fission-based nuclear denotation of the air-burst
kind with 20 kilotons explosion yield (explosion yield of
the “Fat Man” is ∼21 kilotons) produces a tissue dose of
∼300 rad by ionizing photons in ∼10 s at ∼1.5 km away
from the detonation point. This corresponds to an air dose
rate of ∼276 mGy/s, produced by ionizing radiations with an
energy and temporal distribution that could be derived from
simulations. For an X-ray energy distribution similar to that
in Fig. 1(c), an X-ray air dose rate of ∼276 mGy/s would yield
a photocurrent density of ∼12 mA/cm2 based on the current
study. In comparison, a typical commercial solar cell produces
a current of ∼30 mA/cm2 at peak 1 sun illumination. The
power output change of a solar farm due to a change in the net
photocurrent density would cause a corresponding measurable
change of power in the grid that can be monitored remotely,
as demonstrated in [5]. More accurate data, for example, on the

sequence of radiation events at solar panel/farm location, and
their energy and temporal distribution may be extracted using
an accurate profile of nuclear denotation in a simulation model
considering the detonation yield, device design, topography,
and so on.
IV. C ONCLUSION
In this work, we investigated the transient response of a
Si solar cell to X-rays using a laboratory-scale pulsed X-ray
source. The Si solar cell produced a clear response to pulsed
X-rays of varying X-ray energy and pulse frequency, both
under dark and light illumination. A solar-cell circuit model
was developed to study the transient response at different light
illumination levels. The model was validated by a good agreement between the simulation and the experimental results. The
light illumination and thus, the corresponding RC constant
affected the solar-cell transient response, resulting in different
transient characteristics for the same pulsed X-ray input at
different illumination levels.
The current study enabled a fundamental understanding of
the solar-cell transient output at the circuit level, while also
supplementing the evaluation of Si solar cell as a potential
X-ray detector. The capability of a Si solar cell to detect
transient X-ray radiation for prompt identification of a nuclear
detonation was also demonstrated by the preliminary results
in this study. Evaluation of large-area solar panels for the
detection of ionizing radiation from a nuclear detonation will
be part of our future work and will involve irradiation of
the solar panels by a much stronger pulsed X-ray source,
such as the facility at Sandia National Laboratory [24], [25].
In addition, the energy and temporal distributions of ionizing radiations from a nuclear detonation will be calculated
using simulations of different scenarios to further the evaluation of Si solar panels for the prompt detection of nuclear
detonation.
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